The conformation of Kunitz domain 1 of human tissue factor pathway inhibitor-2 (hTFPI-2/KD1) has been studied by Fourier transform infrared spectroscopy, circular dichroism, and Raman spectroscopy. It was found that hTFPI-2/KD1 contained approximately 17% α-helices, 24% β-strands, 46% random coils, 13% β-turns, and two kinds of disulfide bonds (ggg and tgt) at 25 ºC. The detailed conformational changes of the heated protein observed by Fourier transform infrared spectroscopy, circular dichroism and Raman spectroscopy revealed that hTFPI-2/KD1 was thermally stable. However, KD1 could form an intermediate form at high temperature, then return to its normal conformation when the temperature was lowered. Activity assays also showed that hTFPI-2/KD1 was able to keep its inhibitory activity on plasmin after being heated to 80 ºC for 5 min.
Human tissue factor pathway inhibitor-2 (hTFPI-2) is a Kunitz-type serine protease inhibitor that inhibits trypsin, plasmin, cathepsin G, plasma kallikrein, and promatrix metalloproteinases (MMPs). It is believed that hTFPI-2 plays a pivotal role during the regulation of extracellular matrix (ECM) remodeling [1−4] , and can prevent the invasion of many kinds of tumor cells and cancer cells [5−10] . However, the physical mechanism of how hTPFI-2 achieves such functions is still unknown.
The first Kunitz domain of hTFPI-2 (hTFPI-2/KD1) harbors most of hTFPI-2's inhibitory activities, which was discovered independently by Kamei et al. [11] , Chand et al. [12] , and Kong et al. [13] . However, the thermal stability and aquatic structure of the first Kunitz domain have so far not been studied.
Spectroscopy has been widely used in the structural studies of biomolecules [14, 15] . In one case, with the help of circular dichroism (CD) and Raman spectroscopy, the secondary structure of human PKIβ and recombinant RGD-hirudin were analyzed by Jin et al. [16] and Liu et al. [17] ; the details of heated human ERp29's conformational changes were described by Zheng et al. in a Fourier transform infrared spectroscopy (FTIR) experiment [18] .
In this paper, we studied the conformation of hTFPI-2/ KD1 and its reaction to ambient temperature with the help of FTIR, CD and Raman spectroscopy. The effects of temperature on the inhibitory activities of hTFPI-2/KD1 were also mentioned. These findings should provide further understanding of the structure and function of hTFPI-2/ KD1.
Materials and Methods

Materials
hTFPI-2/KD1 was expressed in Pichia pastoris and was purified based on the method described previously [13] . The achieved purity was 96%. S-2390, tissue plasminogen activato (t-PA) and plasminogen were the products of our
FTIR measurements
The lyophilized hTFPI-2/KD1 was dissolved in D 2 O of purity greater than 99.9%. The protein concentration was 24 mg·ml −1 . FTIR spectra were measured by a Nicolet NEXUS 470 FTIR spectrometer (Nicolet Instrument, Madison, USA) with a thermostatically controlled PerkinElmer solution cell (Spectra-Tech, Shelton, USA) with CaF 2 windows. The spectra were continuously recorded during the heating and cooling period of the same sample. FTIR spectra were collected from 400 cm −1 to 4000 cm −1 at a resolution of 2 cm −1 . The average of 32
repetitive scans was accumulated to generate each spectrum. Absorbance spectrum was obtained against a background spectrum collected from empty sample cells. The resultant spectra were smoothed with a seven-point Savitzky-Golay smoothing function to remove the white noise.
Raman measurement
Two hTFPI-2/KD1 solution samples (0.2 mg·ml 
CD measurements
The lyophilized hTFPI-2/KD1 was dissolved in H 2 O. The protein concentration was 0.15 mg·ml . CD spectra were acquired on a 0.1 cm path length cell of a Jasco-715 spectrometer (Jasco, Tokyo, Japan) equipped with an RTE-111 bath/circulator (NESLAB, Tokyo, Japan). After N 2 purge for 25 min, the spectra were recorded from 190 nm to 250 nm with a resolution of 0.2 nm after triple scans when the sample reached the intended temperature and stabilized for 5 min.
Plasmin inhibition assay
Plasmin inhibition assays were carried out as previously described [13, 19] . The plasmin was produced by incubating the plasminogen with excessive t-PA at 37 ºC for 30 min. After stabilized at the pre-determined temperature for 5 min, various concentrations of hTFPI-2/KD1 were incubated with 150 nM plasmin for 30 min at 37 ºC. S-2390 was added and the residual plasmin activity was determined at different time intervals by measuring the absorbance at 405 nm. The reactions were carried out at 37 ºC in 50 mM Tris-HCl (pH 7.4) containing 10 mM NaCl, and 0.1% bovine serum albumin in a total volume of 200 μl.
Results
Conformation and structural changes of hTFPI-2/KD1
Fig. 1 includes the original absorbance spectrum and the second-derivative spectrum of FTIR for hTFPI-2/KD1 at room temperature. In Fig. 1(A) , there are four apparent Fig. 1(B) . Table 1 shows the assignment of these individual bands to the secondary structural elements on the basis of FTIR data of proteins previously published [16,20−24] . The percentage composition of the individual amide I' component bands ( Table 2 ) was determined by band fitting of the absorbance spectrum of the amide I' region as shown in Fig. 1(A) . From Table 2 , the sum of individual Table 3 Fractional composition of secondary structure for Kunitz domain 1 of human tissue factor pathway inhibitor-2 as estimated by infrared (IR) spectroscopy assignment amide I' intensities and the percentage of intensity of each peak for hTFPI-2/KD1 can easily be calculated ( Table 3) .
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The second-derivative spectra of FTIR absorbance spectra at the indicated temperatures for the same sample are shown in Fig. 2 . It can be seen that the band at 1665 cm −1 , which is assigned to β-turn, divides into two bands at 1662 and 1670 cm −1 as the temperature increased from 25 ºC 
at different temperatures
The same hTFPI-2/KD1 solution was heated from 25 to 80 ºC, then cooled to 25 ºC. The FTIR spectra were measured after the same sample was incubated at the indicated temperature for 5 min.
http://www.abbs.info; www.blackwellpublishing.com/abbs they returned quickly with the decline of the temperature. All other peaks barely moved. All the aforementioned changes showed that KD1 could change into a different conformation at high temperature and revert to its original conformation at room temperature. It implies the weakening and regeneration of the bonds within the structures.
Conformation of hTFPI-2/KD1 from Raman spectroscopy
The Raman amide III and I regions are sensitive to secondary structures of protein and, the secondary structure of hTFPI-2/KD1 is reflected in the Raman spectra in Fig. 3 (assigned to random coil) were separated gradually when heated, and returned to unity when cooled to room temperature. And when the temperature reached 80 ºC, the bands at 1658 cm −1 and 1649 cm −1 (assigned to α-helix and random coil, respectively) relocate to lower frequencies. But as one might expect. On the basis of the published Raman data of proteins [25, 26] , the Raman bands of hTFPI-2/ KD1 were assigned and are shown in Table 2 . The bands at 1242, 1643, and 1655 cm −1 can be seen more clearly in the second-derivative spectrum. The bands at 1672, 1627 and 1242 cm −1 were assigned as β-strand; the band at 1662 cm −1 was assigned to β-turn; the bands at 1655 and 1300 cm −1 were assigned to α-helix; and the bands at 1643
and 1265 cm −1 were assigned to random coil. It indicates that there are α-helix, β-strand, β-turn, and random coil structures in hTFPI-2/KD1, which is identical with the result of FTIR. Interestingly, we found two obvious peaks at 510 and 537 cm −1 , in Fig. 3(B) , which are the characteristic peaks of gauche-gauche-gauche disulfide bonds and transgauche-trans disulfide bonds, respectively [26, 27] . It is known that Kunitz families have three s-s bonds [28, 29] . As to KD1, the Raman intensity of the signal at 510 cm
is twice of that at 537 cm
, which suggests that there are two gauche-gauche-gauche disulfide bonds and one transgauche-trans disulfide bond in hTFPI-2/KD1. After heat treatment of KD1, we remeasured its Raman spectra at room temperature. The ratio of Raman intensity at 510 cm −1 to the one at 537 cm −1 did not change [ Fig. 3(B−E) ]. This indicates that after heat treatment and cold treatment, the s-s bonds of KD1 could still retain their original conformation. But after deoxidation by dithiothreitol, the disulfide bonds and original 3-D structure of KD1 were destroyed; the characteristic peaks of gauche-gauchegauche disulfide bonds and trans-gauche-trans disulfide bond in 510 and 537 cm −1 disappeared and were buried in the surrounding Raman bands.
Structural changes of hTFPI-2/KD1 monitored by CD
The CD spectrum of KD1 is shown in Fig. 4 . The negative minimum ellipticity at approximately 203 nm is characteristic of a random coil structure, and a slight shoulder at approximately 222 nm stemmed from an α-helix structure [30, 31] . As the temperature rose [ Fig. 4  (A) ], the intensity at 203 nm and 222 nm decreased, yet the intensity at approximately 195 nm increased. This change might stem from the breaking of the original structures and the forming of new unordered structures [16−18] . As the temperature lowered [ Fig. 4(B) ], the change reversed. After being cooled to 25 ºC the CD spectrum strongly resembled the original one. It can be speculated that hTFPI-2/KD1 is thermally stable, which agrees with the conclusion from the FTIR.
Inhibitory activity of hTFPI-2/KD1 towards plasmin
hTFPI-2/KD1 was incubated at 80 ºC for 5 min and its inhibitory activity towards plasmin was measured. The inhibitory ability titration curves of the foregoing heated KD1 and native KD1 are shown in Fig. 5 . The two titration curves were nearly the same, and their C 50 values (against 150 nM plasmin) were both 0.11 μM. This implies that after heating, the inhibitory ability of KD1 is barely affected. force, the relaxing of β-strand, β-turn and random coil structures, and the forming of new random coils and bends. When cooled to room temperature, the hydrogen bonds and Van De Waal's force recovered, the extended chains refolded and KD1 returned to its normal conformation. The spectrum also recovered. With the help of Raman spectroscopy it was found that the s-s bonds of KD1 can retain their original conformation after being heated above and cooled back to room temperature. This might help to explain the thermal stability of hTFPI-2/KD1's structure and its inhibitory activity towards plasmin.
Fig. 5
Inhibitory ability titration curves of the first Kunitz domain of human tissue factor pathway inhibitor-2 (hTFPI-2/ KD1) against plasmin hTFPI-2/KD1 was heated at 80 ºC for 5 min its inhibitory activity was assayed. The native hTFPI-2/KD1 did not undergo heat treatment. Plasmin (150 nM) was incubated at 37 ºC with various concentrations of KD1 for 30 min. Substrate (10 mM S-2390) was then added. Residual amidolytic activity was measured at room temperature. The proteinase was defined as 100% when the inhibitor was absent.
Discussion
In this paper the secondary structure of hTFPI-2/KD1 has been obtained by FTIR, CD and Ramen spectra. We observed approximately 17% α-helix, 24% β-strand, 46% random coil and 13% β-turn structures in KD1, which confirms the result of Schmidt et al. [28] .
The function of a protein is determined by its structure. KD1 has two β-sheets jointed by the β-turn and an s-s bond. Leu17, Leu18, Leu19 and Leu34, which are located at the β-sheets, form a hydrophobic patch and interact with the hydrophobic patch in plasmin (Phe37, Met39 and Phe41). Besides the hydrophobic interaction, the Gly39 of the acidic patch on KD1's coil structure interacts with the Arg175, Arg100 and Arg221 of the basic patch in plasmin [12, 28] . If the heat treatment leads to some irreversible changes in the β-sheets and coil structure of KD1, the hydrophobic interaction and electrostatic interaction between KD1 and plasmin would be affected and the inhibitory activity of hTFPI-2/KD1 towards plasmin would decrease.
The structural changes of KD1 monitored by FTIR, CD and Raman spectroscopy indicate that KD1 might turn to a transitional state at high temperature. After cooling to room temperature, KD1 and its spectrum return to their previous forms. The change during heating might result from the breaking of hydrogen bonds and Van De Waal's
